A complete size segregated chemical characterisation was carried out for aerosol samples collected in the urban area of Bologna over a period of one year, using five-stage low pressure Berner impactors. An original dualsubstrate technique was adopted to obtain samples suitable for a complete chemical characterisation. Total mass, inorganic, and organic components were analysed as a function of size, and a detailed characterisation of the water soluble organic compounds was also performed by means of a previously developed methodology, based on HPLC separation of organic compounds according to their acid character and functional group analysis by Proton Nuclear Magnetic Resonance. Chemical mass closure of the collected samples was reached to within a few percent on average in the submicron aerosol range, while a higher unknown fraction in the coarse aerosol range was attributed to soil-derived species not analysed in this experiment. Comparison of the functional group analysis results with model results simulating water soluble organic compound production by gas-to-particle conversion of anthropogenic VOCs showed that this pathway provides a minor contribution to the organic composition of the aerosol samples in the urban area of Bologna.
Introduction
Atmospheric aerosol particles play an important role in the atmosphere for several reasons. They transport material through the atmosphere, affect the optical properties of the atmosphere, serve as condensation nuclei for the formation of clouds, and also take part in chemical reactions in the atmosphere.
All these processes involving atmospheric aerosols depend on the size and chemical composition of the particles themCorrespondence to: S. Fuzzi (s.fuzzi@isac.cnr.it) selves. Thus, efforts have been made over the years to elucidate the chemical composition of atmospheric aerosols as a function of size, and to achieve mass closure on the chemical species for the whole mass of aerosol collected. This is by no means a trivial task, as can be seen from the results of the few investigations reported in literature on the issue Neususs et al., 2000; Putaud et al., 2000; Temesi et al., 2001) . The elucidation of the organic component of the aerosol has been the most difficult task so far in achieving chemical mass closure.
Until recently, knowledge on the chemical composition of aerosols was restricted to the inorganic component, while little was known on the composition of their organic fraction (see Jacobson et al., 2000 , for a review on organic atmospheric aerosols). To date, we know that organic compounds constitute a substantial fraction of the aerosol mass, up to 70%, especially in the submicron size range (Saxena and Hildemann, 1996; Jacobson et al., 2000) . The total amount of organic carbon (OC) within aerosol is usually determined by Evolved Gas Analysis (EGA) whereby heating the sample causes the evolution of the organic compounds, oxidised to CO 2 , which is then measured (Cadle et al., 1980; Huntzicker et al., 1982; Novakov et al., 1997; Cachier et al., 1989; Chow et al., 1993; Putaud et al., 2000) . After quantification of aerosol OC, the traditional analytical approach to OC speciation has usually been the solvent extraction of collected aerosol particles, followed by Gas ChromatographyMass Spectroscopy (GC-MS) analysis for individual compound speciation. In spite of the large number of compounds detected (sometime several hundreds), on average less than 10% of fine aerosol OC mass has been attributed to specific compounds by this procedure (see e.g. Rogge et al., 1993) .
In a previous work , we specifically addressed the seasonal trend of water soluble organic aerosol in the Po Valley, an area in northern Italy affected by strong anthropogenic activities, employing a new procedure based on functional group analysis which is able to account for 80-90% of the water soluble organic compound mass (Decesari et al., 2000) . In the present paper, we extend our study to the size segregated composition of aerosols, and to the possibility to achieve the mass closure on the chemical species of the aerosol in the different size fractions.
Experimental part

Aerosol sampling
The sampling was carried out on the roof of the ISAC Institute building at ca. 18 m height above the ground. The Institute is located in the northern outskirts of the city of Bologna, ca. 3.5 km from the city centre.
Sampling was performed using an 80 l min −1 five-stage Berner cascade impactor (LPI 80/0.05) in the following size ranges: (1) 0.05-0.14 µm; (2) 0.14-0.42 µm; (3) 0.42-1.2 µm; (4) 1.2-3.5 µm; (5) 3.5-10 µm. The sampling period lasted for the whole year 2000. Thirty-four 8-hour samples were collected during this period.
Since the different analytical techniques employed for the aerosol characterisation are not compatible with any individual sampling substrate, two impactors would normally have been required for this experiment. Instead, we employed a single impactor with a double tedlar/aluminium sampling substrate (Fig. 1) . The impactor plate substrate consisted of half a tedlar foil on top of an aluminium foil. On the (half) aluminium substrate, total aerosol mass was measured by weighing. In fact, the aluminium substrate can be easily conditioned and weighed with an accuracy of 2 µg, which is not possible with the tedlar substrate due to electrostatic charges. Aerosol total carbon/organic carbon (TC/OC) can also be measured by EGA using the aluminium substrate. On the (half) tedlar substrate, the whole water-soluble aerosol material, inorganic ions and water soluble organic carbon (WSOC), was analysed. The tedlar substrate, in fact, can easily be pre-cleaned, and exhibits very low blank values for both inorganic and organic analyses.
Sample handling
Prior to sampling, aluminium foils were pre-fired at 500 • C for 4 h. Tedlar foils were cleaned several times with Milli-Q water, sonicated for 30 min, rinsed again with Milli-Q water and dried in a clean room for 24 h. This cleaning procedure allowed a reduction of the blank values for both inorganic and organic analyses. For a mean sample volume of 40 m 3 , blank values lower than 5 ng m −3 were reached for all inorganic ions, except for Ca 2+ (30 ng m −3 ), NO (20 ng m −3 ); blanks for TC and OC were ca. 280 ngC m −3 , whereas WSOC blanks were ca. 120 ngC m −3 . After sampling the foils were stored at 0 • C in Petri dishes until the analysis.
Aluminium foils were weighed with a microbalance (Sartorius, MC5) at 23 ± 1 • C and 19 ± 3% RH before and after sampling. The weighing precision was ±2 µg and the standard variation of the aluminium blank foils was ±10 µg (n = 5).
Extraction of tedlar foils was performed with 6 mL of Milli-Q Organex water in an ultrasonic bath. Aliquots of the extracts were used to perform the following analyses: inorganic ions, total dissolved organic carbon and speciation of water-soluble organic compound into its main classes of species (Fig. 1 ).
Total carbon and organic carbon analysis
TC/OC analyses of the aerosol samples were performed on a small portion of the aluminium foil by evolved gas analysis (EGA). With this technique, samples are subjected to five increasing temperature plateaus up to 650 • C in an oxygenfree carrier gas, and then in an oxygen-rich carrier gas at 650-750 • C (Putaud et al., 2000) . The evolved carboncontaining gases are converted to CO 2 and measured by a non-dispersive infrared (NDIR) analyser. The carbon evolving at T < 650 • C in the oxygen-free carrier gas is defined as OC, while the fraction evolving at T > 650 • C in the oxidizing carrier gas is expected to be black carbon (BC). Artefacts due to charring occurred when analysing the samples collected on aluminium foils using the above routine method. Previous intercomparisons showed that the accuracy in TC determination is better than 20%. Due to basic differences among thermal methods adopted by different authors to split OC and BC, and to prevent or correct charring, the accuracy in BC determination was estimated to be ca. 60%. The charring effect was assessed for 33 samples, representative of all size ranges and seasons, by comparing the BC amount obtained with the above method with the values obtained from analysis of an aliquot of sample exposed to an oxidising carrier gas at 340 • C for 2 h, which eliminates OC compounds responsible for charring (Cachier et al., 1989) . Over these 33 samples, the ratio BC treated /BC routine was 0.69 ± 0.07 (95% confidence level). This regression was used to correct for charring artefacts the amount of BC in the samples analysed within the present work.
Analysis of inorganic ions
The concentration of inorganic ions (NH + 4 , Na + , K + , Ca 2+ , Mg 2+ , Cl − , NO − 3 , SO 2− 4 ) was determined by ion chromatography (IC) in an aliquot of the tedlar foil water extract (Fuzzi et al., 1998) . The detection limits of the IC analyses are well below the blank values of the filter substrates reported above, and should therefore be considered as the operational detection limits within this study. The accuracy of IC measurements was better than 5%.
Total water soluble organic carbon content
Another aliquot of the tedlar foil water extract was used to determine the water soluble organic carbon content of the samples, using a Shimadzu TOC-5000A liquid analyser. The sample was neither acidified nor purged, to avoid loss of volatile organic compounds. According to this procedure, no distinction between water soluble organic carbon and inorganic carbon can be made for our measurements, therefore dissolved carbonates are included in the total water soluble organic carbon content. The detector response was calibrated with standard solutions of potassium hydrogen phthalate. Also in this case, the operational detection limit of the measurements should coincide with the blank values of the sampling substrate. The accuracy of the measurements ranges from 7% for 1 ppmC solution to 3% for concentrations higher than 2 ppmC.
Water soluble organic compounds characterisation
Aerosol water soluble organic compounds were characterised by adopting the procedure proposed by Decesari et al. (2000) , based on a combination of ion exchange chromatography (IEC), functional group investigation by Proton Nuclear Magnetic Resonance (HNMR) and total organic carbon (TOC) determination. According to this procedure, the complex mixture of water soluble organic compounds was separated by IEC into three main classes of compounds: (a) neutral compounds; (b) mono-and di-carboxylic acids; (c) polycarboxylic acids. HNMR spectroscopy was employed to analyse a single size-segregated aerosol sample, collected on 29 November. Spectra of the extracts of the five stage samples in D 2 O solution were acquired in a 5 mm probe using a Varian Mercury 400 spectrometer. Details on the experimental conditions can be found in Decesari et al. (2000) .
Results and discussion
Figure 2 reports the total aerosol mass concentration, obtained by adding the measured mass of the 5 stages, for the whole sample set, superimposed on the daily-averaged PM 10 measurements performed by the Regional Environmental Agency at a measuring site located in the town centre, ca. 3 km from our sampling site and at street level. The two sets of measurements follow the same temporal pattern, with higher concentrations in the fall-winter period and lower ones during spring-summer. In principle, given the upper size cut of the impactor, the two sets of data should coincide, but the impactor mass concentration values are on average 40% lower than the PM 10 network measurements. This difference could be explained by the more peripheral location of our sampling site and the different sampling heights above ground. In addition, the PM 10 network measurements represent daily samples, while our samples are collected over an 8-hour period during the day.
The temporal trend of the aerosol mass concentration is similar to that in other years and that of the 1998-99 period examined in our previous study, albeit in a different location of the Po Valley . Therefore, for the purpose of the present data analysis, we divided the acquired data set into two sub-sets: (i) fall-winter period (hereinafter FW, January-March and 15 October-31 December, 25 samples), when PM 10 concentrations are higher, mostly above 50 µg m −3 , and (ii) spring-summer period (hereinafter SS, 1 April-14 October, 9 samples), when PM 10 concentrations are generally lower than this value. Four FW samples had a much lower mass concentration with respect to the average of the period, due to a rain event before sampling, and were excluded from the statistical analysis below. Unfortunately, for technical reasons, no samples were collected during the present experiment over the warmest period of June to midAugust.
Bulk results
In order to provide a general insight into the aerosol composition and its temporal trend, we present bulk results obtained by summing the air concentration data from each impactor stage. Minimum, median and maximum bulk concentrations for the analysed species and total aerosol weighed mass are reported in Table 1 .
Carbon analyses performed on both aluminium and tedlar foils, as described in detail in the experimental part, provided total carbon concentrations (TC), apportioned between OC (organic carbon), BC (black carbon) and WSOC concentrations.
Insoluble organic carbon concentrations were determined in previous studies by subtracting WSOC from OC, under the assumption of completely insoluble BC. However, there is now evidence that a portion of BC is water-extractable and therefore can be included in the WSOC fraction (MayolBracero et al., 2002; Gelencsér et al., 2000) . The observed partial solubility of BC would lead to an underestimation of the insoluble organic carbon following the above calculation. Here, we determine a water-insoluble carbon fraction (WINC) by subtracting WSOC directly from TC (WINC = TC − WSOC).
In order to include the carbonaceous species in the aerosol mass budget, conversion factors for deriving molecular mass from carbon mass are required (Turpin et al., 2000) . Here we propose two distinct factors for WINC and WSOC, respectively 1.2 and 1.8, to take into account the strict dependence Table 1 . Minimum, median and maximum bulk concentrations for the analysed species and total aerosol weighed mass. Data were obtained by summing the air concentration from each impactor stage. As explained in the text, the data are divided in two periods: fallwinter (FW) and spring-summer (SS). Total carbon (TC) was apportioned between organic carbon (OC) and black carbon (BC); water insoluble carbon (WINC) was obtained subtracting water soluble organic carbon (WSOC) directly from TC (see text). All concentration are reported in µg m −3 , except for the case of organic species (*) whose concentrations are reported in µgC m −3
Min
Med of molecular formulas on the polarity of substances. The value adopted for WINC is derived from literature data for insoluble organic compounds (Zappoli et al., 1999) . Conversely, the conversion factor for WSOC is based on their chemical characterisation in the real samples (see Sect. 3.4) . Indeed, the chemical procedure for WSOC employed in this study allowed us to obtain an average composition of the water-soluble organic fraction, providing quantitative information on the concentrations of carbon, hydrogen and (indirectly) heteroatoms. Total aerosol mass ranges from 10 to 142 µg m −3 , with the highest values observed during the FW period. The maximum aerosol mass concentrations are observed on 1 and 15 February in stable weather conditions. Weather charts confirm that on those days the air mass did not change for more than 48 h.
The main fraction of the aerosol mass is comprised of inorganic species (53% in FW and 41% in SS), with ammonium, nitrate and sulphate together accounting for more than 80% (81% in SS and 91% in FW, on average) of the ionic content. The percentage amount of TC is similar in the two periods (35% in FW, 37% in SS) and a significant fraction of it is represented by WSOC (on average 50% of TC). The , other ions, water soluble (WSOC) and insoluble (WINC) organic species to the aerosol mass in bulk samples for the two periods fall-winter (FW) and spring-summer (SS). Unk represents percent difference between total mass measured by gravimetry and total analysed mass. non-analysed mass ("unknown"), calculated as the difference between the weighed aerosol mass and the total mass of the analysed species, represents a relatively small fraction of the total weighed mass: 12% in FW and 22% in SS (Fig. 3 ).
3.2 Size-segregated results
Mass concentration
A statistical summary of mass concentration in the different size ranges is reported in Table 2a . Aerosol median mass concentrations are higher in FW than in SS in all size ranges. In both periods, the maximum value is observed at stage 3 (23.45 µg m −3 -FW; 5.80 µg m −3 -SS) and the minimum at stage 1 (3.40 µg,m −3 -FW; 1.76 µg m −3 -SS). In all samples, the greater part of total aerosol mass (62%) is distributed in the fine size range (stages 1-3). Aerosol size distributions observed during the FW period were bimodal Impactor stages refer to the following size ranges: 1) 0.05-0.14 µm; 2) 0.14-0.42 µm; 3) 0.42-1.2 µm; 4) 1.2-3.5 µm; 5) 3.5-10 µm. Average concentrations for samples exhibiting bulk concentrations higher (red line) and lower (blu line) than 40 µg m −3 , respectively. or monomodal centred on the 3rd stage. This difference in mass size distribution is apparently dependent on the aerosol air concentration: a distinct coarse mode is observed at PM 10 concentrations up to 40 µg m −3 , whereas size distributions showing the accumulation mode alone are encountered at higher aerosol loads (Fig. 4) . It follows that pollution events tend to increase the fine particle mass with respect to that of coarse particles. By contrast, the relative contribution of the coarse particles to the total aerosol mass is higher under cleaner conditions. Samples collected during the SS season showed more heterogeneous size distributions: bimodal and monomodal centred either at the 3rd or 5th stage. On average, the fraction of coarse particles mass to total mass (0.44 ± 0.08) is higher than in the cold period (0.30 ± 0.08). Moreover, the coarse mode is dominant on the accumulation mode, even at the highest aerosol air concentrations measured for the period (36 µg m −3 ; 22 August).
A bimodal distribution has already been determined in the European boundary layer at a rural site in Hungary, with a 13 stage low-pressure impactor (Temesi et al., 2001 ). However, Neusüss et al. (2000) measured a monomodal distribution in the Leipzig Basin, Germany, using a five-stage Berner impactor. In the same region, Heintzenberg et al. (1998) measured the aerosol mass distribution with a high-resolution apparatus (TDMPS and APS spectrometers), finding a bimodal distribution with a prevalent mode at 0.36 µm (accumulation mode), and a smaller coarse mode at 2.5 µm. It is doubtful that the five stage Berner impactor may resolve the coarse mode under these conditions (small geometric mean diameter and low concentration), thus resulting in an apparent monomodal mass distribution. Therefore, also the monomodal distribution observed in Bologna by means of the five-stage impactor cannot exclude the occurrence of a small coarse mode.
The studies cited above also tentatively established a relationship between the mass size distribution and the origin of the air masses. In the present study, the different meteorological conditions encountered during the SS period could not be well represented by the 8 samples for which a complete mass size distribution was obtained. On the contrary, the samples from the FW season discussed above are representative for stable conditions associated with weak surface circulation or short-range transport from central Europe. Tables 2b-d. As depicted in Figs. 5 and 6, inorganic species show quite a different trend of median mass concentration in the two periods. In FW, their concentration greatly increases from stage 1 (1.12 µg m −3 ) to stage 3 (13.16 µg m −3 ), when inorganic species account for 60% of the total mass, and then decreases to a minimum at stage 5 (1.94 µg m −3 ). In SS, inorganic median concentrations show a more homogeneous distribution among the different stages, with very low values (0.57 µg m −3 ) at stage 1 and comparable values at stages 2-3 and 4-5. As for the distribution of inorganic species, WSOC and WINC median mass concentrations exhibit in FW a pronounced peak at stage 3 (4.40 µg m −3 -WSOC; 3.25 µg m −3 WINC), while in SS comparable concentrations are found at stages 2-3 and 4-5 (Figs. 5 and 6) .
A larger contribution of carbonaceous species to the aerosol mass is observed in the submicron size range. In fact, as shown in Figs. 5 and 6, the percentage of WSOC and WINC decreases linearly from stage 1 to stage 5. On the contrary, inorganic compounds do not exhibit such a linear trend and their contribution to the total mass reaches the maximum value at stages 2 and 3.
Figures 5 and 6 also show that the unknown fraction has a similar trend in both periods, strongly dependent on particle size. The unknown fraction accounts for a few percent of the total mass in the fine aerosol size range (stages 1-3), where mass closure is practically achieved (0.62 µg m −3 in both periods, corresponding to 2% of the total mass in FW and 6% in SS); higher percentages of unknown species are found in the coarse aerosol fraction (5.89 µg m −3 , ca. 32% of the total mass in FW and 3.51 µg m −3 , ca. 49% in SS). The increase of the unknown fraction with particle size is due to soil-derived insoluble species not determined in this study. A similar trend has already been reported in other continental areas by Neusüss et al. (2000) , Temesi et al. (2001) and Kerminen et al. (2001) .
For each impactor stage, the ion balance was also evaluated (Fig. 7) . Cation-to-anion ratios, calculated in µeq m −3 , can be used to test the acidity of aerosol particles. The ion balance does not take into account the H + concentration, since pH was not measured in our samples. Therefore, cation-to-anion ratios below unity are indicative of an acidic nature of the collected particles, while cation-to-anion ratios above unity indicate the presence of anions not revealed by our analysis. Values around unity (0.99-1.07) were generally found for particles in the fine size range, regardless of season. Values above unity (1.2-1.55) were instead observed for particles in the supermicron size range, which can be related to the presence of carbonates and other soil-derived alkaline compounds (Fig. 7) . This is consistent with the mass closure results and with the higher contribution of the unknown species to the coarse aerosol fraction. In the following discussion, the trend of inorganic ions and carbonaceous compounds will be reported, with reference to their median concentrations.
In both periods, inorganic ions represent a substantial part of the total mass, ranging between 30% and 60%, depending on the stage. The main inorganic species are NH Fig. 8 and Table 2b ), which together account for more than 90% of the total inorganic ionic content of the fine aerosol fraction and ca. 65% of the coarse fraction. The median concentrations of inorganic species are higher during the FW period at all stages. Minima are observed at stages 1 and 5, and maxima at stage 3. However, concentrations at stages 2 and 3 are comparable in the SS period. Nitrate is the main inorganic component in FW and is preferentially distributed in the fine size range (77%). However, nitrate , other ions, water soluble (WSOC) and insoluble (WINC) organic species to the aerosol mass in the FW period. Unk represents the difference between total mass, measured by gravimetry, and total analysed mass. Impactor stages refer to the following size ranges: 1) 0.05-0.14 µm; 2) 0.14-0.42 µm; 3) 0.42-1.2 µm; 4) 1.2-3.5 µm; 5) 3.5-10 µm. , other ions, water soluble (WSOC) and insoluble (WINC) organic species to the aerosol mass in the SS period. Unk represents the difference between total mass, measured by gravimetry, and total analysed mass. Impactor stages refer to the following size ranges: 1) 0.05-0.14 µm; 2) 0.14-0.42 µm; 3) 0.42-1.2 µm; 4) 1.2-3.5 µm; 5) 3.5-10 µm.
shows lower concentrations in SS and is mainly found (70%) in the coarse fraction (stages 4 and 5).
Minor inorganic components are Na + , K + , Mg 2+ , Ca 2+ and Cl − (Fig. 9 -Table 2d ). Their contribution to total mass is lower than 5%. Na + , Mg 2+ and Ca 2+ are preferentially distributed in the coarse size range and show similar concentration at all stages in both periods. The Cl − concentrations are higher in the FW period, with maxima at stage 3 and minima at stage 1, while in the SS period most of the Cl − mass is found in the coarse fraction. K + shows higher concentrations in the fine fraction in the FW period, indicating possible biomass combustion sources (Andreae, 1983; Cofer et al., 1991) . Table 2c reports TC, BC, WINC and WSOC minimum, median and maximum concentrations. As already observed, all carbonaceous species are preferentially distributed in the fine aerosol fraction. Figure 10 shows that TC, BC, WINC and water-soluble OC have a similar trend, with minima at stage 5, maxima at stage 3 in FW, and comparable concentration at stages 2 and 3 in SS. The contribution of all carbonaceous species to the total mass decreases as particle size increases, especially for WINC (from 40% to 10%) and BC (from 20% to 1%).
Similar mass distributions of the main organic and inorganic compounds in the fine and coarse size ranges and similar seasonal trends have already been observed in other Aerosol cation-to-anion ratios as a function of particle size in the FW and SS periods. The blue line represents unit ratio. Impactor stages refer to the following size ranges: 1) 0.05-0.14 µm; 2) 0.14-0.42 µm; 3) 0.42-1.2 µm; 4) 1.2-3.5 µm; 5) 3.5-10 µm. Impactor stages refer to the following size ranges: 1) 0.05-0.14 µm; 2) 0.14-0.42 µm; 3) 0.42-1.2 µm; 4) 1.2-3.5 µm; 5) 3.5-10 µm.
polluted continental areas, such as the industrialised Leipzig basin, Germany , Hong Kong (Zhuang et al., 1999) and Chicago (Offenberg et al., 2000) . It should also be noted that the composition of fine particles in Bologna, in terms of air concentrations and seasonal trends is consistent with that observed at S. Pietro Capofiume, a rural site ca. 40 km from the city (Zappoli et al., 1999; Decesari et al., 2001 ). This observation suggests that formation, growth, processing and removal mechanism of aerosol particles occur on a regional scale in the Po Valley, due to homogeneous meteorological conditions and diffuse pollutant sources.
HPLC analysis of the aerosol extracts ) allowed the determination of the relative composition of water soluble organic compounds at each impactor stage. Table 3 summarises the measured air concentrations of neutral compounds, mono-/di-acids and polyacids for both FW and SS seasons. Due to the smaller amount of samples collected during the SS period, only three samples could be analysed by the HPLC technique (samples collected on 16 May, 22 and 24 August). The three separated chromatographic fractions follow the same size distribution as total WSOC (Fig. 11) . Neutral compounds usually occur at lower concentrations compared to acidic ones, accounting for 15 to 40% of the sum of the three fractions. The percentage is higher during the FW season (26 to 36% on average, depending on stage), compared to the three SS samples (15 to 25%). However, it should be noted that higher relative concentrations of neutral compounds are encountered only from October to December (32 to 44% of the sum of the three classes), whereas from January to March this fraction (22 to 30%) does not differ significantly from the SS case. This . Median concentration of aerosol minor inorganic ions as a function of particles size in the FW and SS periods. Impactor stages refer to the following size ranges: 1) 0.05-0.14 µm; 2) 0.14-0.42 µm; 3) 0.42-1.2 µm; 4) 1.2-3.5 µm; 5) 3.5-10 µm. Impactor stages refer to the following size ranges: 1) 0.05-0.14 µm; 2) 0.14-0.42 µm; 3) 0.42-1.2 µm; 4) 1.2-3.5 µm; 5) 3.5-10 µm.
is in agreement with the unique pattern observed during the fall season at the San Pietro Capofiume station ). The acidic compounds contain mono/di-acids and polyacids in comparable amounts, but the former are systematically dominant throughout the year, accounting for 60 to 70% of the total acidic compounds, with the higher percent contribution in the coarse stages.
3.3 Functional group analysis of the water soluble organic compounds Figure 12 shows the HNMR spectra of the five impactor stages of a sample collected in November 2000 in polluted conditions (total mass = 55 µg m −3 ). Individual water soluble organic compounds were identified, based on their chemical shift (Decesari et al., 2000 . The most important compound identified is levoglucosan, accounting for the sharp peaks between 3.3 and 5.4 ppm as marked in the figure. Levoglucosan is detectable for particle sizes up to 3.5 µm, and is enriched in the 0.42-1.2 µm interval. Levoglucosan is an unambiguous tracer of cellulose combustion and, due to its chemical stability, can accumulate onto fine particles and be transported over long distances (Simoneit et al., 1999) . Biogenic WSOC were identified in all size-fractions on the basis of the chemical shifts (δ H ) reported by Suzuki et al. (2001) and Decesari et al. (2001) : trimethylamine (δ H = 2.90); methansulfonate (δ H = 2.81) and dimethylamine (δ H = 2.72). A number of sources, both natural and anthropogenic, may produce other identified WSOC (acetic acid, formic acid, succinic acid). Most Table 3 . Minimum, median and maximum concentrations of neutral compounds (NC), mono-/di-acids (MDA) and polyacids for the five size intervals in the cold (FW) and the hot (SS) season. Statistics of the WSOC content of the samples are also reported in the first column. The range of variation is not reported for the SS period since a complete HPLC analysis was performed for three samples only (see text). All concentrations are reported in µgC m −3 . . Size segregated WSOC composition during the FW and SS seasons determined by HPLC analysis. The figure reports average and standard deviations for the ratio between neutral compounds and the sum of the three fractions (red line, squares) and for the percentage of mono/di-acids with respect to the total acidic fraction (blue line, diamonds). Impactor stages refer to the following size ranges: 1) 0.05-0.14 µm; 2) 0.14-0.42 µm; 3) 0.42-1.2 µm; 4) 1.2-3.5 µm; 5) 3.5-10 µm.
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HNMR signals could not be resolved and attributed to individual compounds, allowing only for a more general characterization based on functional group analysis. The main functional groups identified can be divided into four categories: H-Ar, aromatic rings; H-C-O, aliphatic alcohols and ethers; H-C-C=, aliphatic groups bound to unsaturated structures; H-C, purely aliphatic groups. The relative composition of WSOC with respect to the above functional groups shows minor variations for particle sizes up to 3.5 µm, whereas the coarsest size-interval is enriched in purely aliphatic moieties and is less aromatic. This is in agreement with the HNMR data from the size-segregated urban aerosol samples from Kobe City (Suzuki et al., 2001 ).
3.4 Functional group analysis and structural properties of water soluble organic compounds Fuzzi et al. (2001) showed that functional group analysis performed by HNMR can be used to determine the general structural properties of aerosol organic compounds. Following the same approach, the concentration of functional groups determined by HNMR in the test sample was used to convert their hydrogen content, quantitatively determined by the HNMR analysis, into the corresponding carbon content, based on specific theoretical C/H molar ratios. Table 4 summarises the functional group air concentration of H and C, where the aromatic moieties were calculated by difference (Fuzzi et al., Table 4 . Functional group air concentrations of water soluble organic compounds of sample 291100 for the five size intervals. Molar hydrogen concentrations are determined by HNMR analysis, whereas carbon concentration were calculated assuming C/H ratios specific for each category Fuzzi et al. (2001) , were estimated here as a whole, considering a C/H molar ratio of 0.38 (0.2-1.0) between the carbon atoms of C=O groups and their alpha hydrogen atoms. It is noticeable that the aromatic moieties account for only a few percentages of the total hydrogen content, but up to 50% of TOC, indicating that aromatic rings are highly condensed and/or substituted. The representation of the composition of water soluble organic compounds as a simple budget of functional groups, each characterised by an average structure and molar mass, allows us to derive general structural properties for these compounds, such as the mass/carbon ratio. The assumptions made to assign an average molar mass to each functional group are the same used for estimating the C/H ratios ). In addition, carboxylic and hydroxyl substituents are considered to occur on aromatic rings, as expected by the observed range of chemical shifts for Ar-H (Decesari et al., 2000) . Residual uncertainty associated with the molar mass of aromatic groups and carbonyls (comprising ketons and carboxylic groups) makes the mass/carbon ratio for WSOC vary from 1.7 to 2.3. An average organic mass vs. carbon ratio of 1.8 was used to transform the WSOC carbon content into the corresponding mass (see Sect. 3.1). The same ratio was used by Temesi et al. (2001) , whereas Turpin et al. (2000) proposed higher values for the water soluble organic compounds, implying a more pronounced polar character of the constituents. On the other hand, the HNMR analysis of sample 291100 clearly indicates that compounds bearing purely aliphatic moieties (H-C groups) account for a significant fraction of total water soluble organic compounds, even if more polar compounds, such as C 2 -C 5 -dicarboxylic acids, are the most common species identified in the aerosol soluble fraction and reported in literature (see e.g. Kerminen et al., 2000) .
As mentioned above, water soluble organic compounds are not characterised at the molecular level in this paper. Thus no information is available on their possible sources and transformations in the atmosphere. However, the average chemical features provided by HNMR can be com- Table 5 . Organic functional group concentrations normalized to the total carbon amount (ROF/C) derived for sample 291100 from HNMR data. The modelled composition of water soluble organic compounds for a typical urban area is also reported based on data from Aumont et al. (2000) . Explanation of the symbols: -C(O)OH carboxylic groups; >C=O keto groups; -CHO aldehydes; -OH alcohols ROF/C
Functional groups
This study Aumont et al.
pared with the predictions of models of water soluble organic compound formation in a polluted industrialized area. Aumont et al. (2000) modelled the water soluble organic compound production by gas-to-particle conversion in urban and rural environments, resulting in mean air concentrations of about 1-4 µgC m −3 . According to the expected reaction pathways, these authors provided the functional group composition of the final mixtures of water soluble organic compounds, which can be compared directly with those derived from the present work. The modelled (Aumont et al., 2000) and measured (this work) water soluble organic compound functional group compositions are reported in Table 5 . Organic functional group concentrations are normalised to the total carbon amount (ROF/C). The data reported for the real samples only refer to aliphatic functional groups and to the total aliphatic carbon content, since an accurate aromatic functional group characterisation is not provided by HNMR. On the other hand, Aumont et al. (2000) reported only aliphatic compounds as representative for the products of gas-to-particle conversion. Moreover, aliphatic
H-Ar H-C-O H-C-C= H-C
0.05-0.14 µm 0.14-0.42 µm 0.42-1.2 µm 1.2-3.5 µm 3.5-10 µm HNMR spectra of the water extracts of the test sample collected in November (five impactor stages). Extracts were dried and re-dissolved in deuterated water and an internal standard (Tspd 4 ) was added before analysis. The horizontal scale is the chemical shift (δ H ) referred to the internal standard. The peaks attributed to individual compounds are marked in the figure ("F": formate; "L": levoglucosan; "M": methansulfonate; "D": dimethylamine; "A": acetate). Four specific spectral regions are also identified at the bottom of the spectra. "H-C": purely alkylic protons; "H-C-C=": protons bound to aliphatic carbon atoms adjacent to unsaturated groups; "H-C-O": protons bound to oxygenated aliphatic carbon atoms; "Ar-H": aromatic protons. The region between 4.4 and 5.0 ppm is disturbed by instrumental noise due to a residual signal of HDO. Spectra were recorded at 400 MHz. Details on the experimental conditions are provided in Decesari et al. (2000) .
carbonyls from HNMR (see Table 5 ) were split into keto-and carboxylic-groups, according to the relative concentrations of neutral versus acidic compounds for the test sample as determined by the HPLC analysis. Compared to the composition modelled by Aumont et al. (2000) , the HNMR results indicate a lower degree of substitution of water soluble organic compounds, and thus a lower level of oxidation. Aumont et al. (2000) reported mainly oxygenated functional groups, in agreement with our findings. The measured hydroxyl content is comparable to the modelled one; on the other hand, aldehydes are not found in the aerosols we analysed in significant concentrations (see also Decesari et al., 2000 Decesari et al., , 2001 . Moreover, carboxylic groups, which are the main functional groups present in the real aerosol sample, account for less than 1% carbon atoms in the modelled products of gas-toparticle conversion. Aumont et al. (2000) suggested that a much higher concentration of carboxylic groups (ROF/C up to 20-30%) can be expected, if further oxidation processes in wet aerosols are taken into account. The same processes would lead to the consumption of aldehydic moieties via reaction with the OH radical. Unfortunately, the actual chemical composition of the end products of this reaction scheme is highly uncertain, due to the poor information available on the reactivity of water soluble organic compounds in wet aerosols. In conclusion, we can only report that the observed chemical composition of water soluble organic compounds in the aerosol samples from Bologna is not consistent with the hypothesis of a major contribution to their concentration from gas-to-particle conversion of anthropogenic VOCs, unless extensive oxidative reactions in the aqueous phase of aerosols is considered, for which information is not available.
Conclusions
A complete size segregated chemical characterisation was carried out for aerosol samples collected in the urban area of Bologna over a period of one year. Total mass, inorganic, and organic components were analysed and a detailed characterisation of WSOC was performed. The mass closure of the chemical species was reached with respect to the weighed mass in the submicron aerosol fraction, while a higher unknown fraction in the coarse aerosol range was attributed to soil-derived species not analysed in this experiment. The main inorganic components were ammonium, sulfate and nitrate, the former two exhibiting concentration maxima in the FW and SS periods in the fine aerosol fraction, the latter, nitrate, showing lower concentrations in SS and being mainly found (70%) in the coarse fraction (stages 4 and 5). Carbonaceous species were preferentially distributed in the fine aerosol fraction, with relative concentrations decreasing with increasing particle size. WSOC represents on average 50% of the total aerosol TC. The three main classes of compounds that constitute the total WSOC (neutral species, mono-and di-carboxylic acids) follow the same size distribution as total WSOC. Neutral compounds occur at lower concentrations compared to acidic ones in all size ranges. Mono-and di-carboxylic acids are the main organic acidic fraction, accounting for 60-70% of the total acidic compounds, with an higher percentage contribution in the coarse aerosol fraction. Full functional group analysis of WSOC by HNMR for one size segregated sample allowed the determination of an average mass to carbon ratio of 1.8. Comparison of the functional group analysis results by HNMR to model results simulating water soluble organic compound production by gas-to-particle conversion of anthropogenic VOCs (Aumont et al., 2000) showed that this pathway provides a minor contribution to water soluble organic compounds in the aerosol samples from the urban area of Bologna, unless oxidation in aqueous aerosol is taken into account to justify the higher carboxylic group content observed in real samples. In addition, tracer analysis (levoglucosan) suggests that biomass burning may represent an important primary source of WSOC in the Po Valley environment .
The procedure reported in this paper allowed a full chemical characterisation of size-segregated aerosol samples which is, to our knowledge, the most complete reported in literature to date.
